We investigate the properties of the galaxy environment of a sample of 14 low redshift (z < 0.85) quasar physical pairs extracted from SDSS DR10 archives. The pairs have a systemic radial velocity difference ∆V 600 km s −1 (based on [OIII]5007Å line) and projected distance R ⊥ 600 kpc. The physical association of the pairs is statistically confirmed at a level of ∼ 90%. For most of the images of these quasars we are able to resolve their host galaxies that turn out to be on average similar to those of quasars not in pairs. We also found that quasars in a pair are on average in region of modest galaxy overdensity extending up 0.5 Mpc from the QSO. This galaxy overdensity is indistinguishable from that of a homogeneous sample of isolated quasars at the same redshift and with similar host galaxy luminosity. These results, albeit derived from a small (but homogeneous) sample of objects, suggest that the rare activation of two quasars with small physical separation does not require any extraordinary environment.
INTRODUCTION
It is widely accepted that all massive galaxies contain a supermassive black hole in their centers. However, only a small fraction of them become active and for a very short time with respect to the evolution time of the galaxies. The mechanism that activates and fuels the nuclei of galaxies is still not well understood. The leading processes thought to be responsible for transforming a dormant massive black hole into a luminous quasar (QSO) are dissipative tidal interactions and galaxy mergers (e.g. Di Matteo, Springel, & Hernquist 2005; Callegari et al. 2011 , and references therein). Galaxy formation is known to be heavily influenced by the environment, with galaxies in clusters tending to be elliptical and deprived of most of their gaseous content (e.g. Silk & Wyse 1993; Kormendy et al. 2009 ), and in a number of cases showing signature of interactions and mergers (e.g. Bennert et al. 2008; McIntosh et al. 2008) . What is the effective role of these interactions and of the large scale environment for the triggering and/or fuelling the nuclear activity is not yet clear.
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(from few kpc to Mpc) and at different cosmic epochs compared with that of normal galaxies still represents an important opportunity to unveil the link between nuclear activity and the immediate environment. The studies of galaxy clustering around quasars (Stockton 1978; Yee & Green 1984 and other active galaxies (e.g. Wake et al. 2004) aim to characterize the properties of the environment and to compare them with the environment of non active galaxies. The emerging picture is not homogeneous. Most of the papers conclude that quasars reside in regions of galaxy density that are higher than average, albeit with significant difference among various objects. Only in rare cases quasars are found in relatively rich environments (Stockton 1978; Yee & Green 1984) and the typical environment is a modest group or a poor cluster of galaxies.
Contrasting results emerge when the quasar environments are compared with those of non active galaxies, depending on the properties of the sample (nuclear luminosity, redshift, radio loudness, ect.). Some differentiation emerges from the comparison of radio loud and radio quiet quasars. Ellingson et al. (1991) studied a sample of radio loud quasars (RLQs) and radio quiet quasars (RQQs) at 0.3 < z < 0.6 and found that the environments around RLQs are significantly denser than those around RQQs.
c 0000 RAS However, Fisher et al. (1996) and McLure & Dunlop (2001) find no difference between the environments of RLQs and RQQs. More recently from the analysis of a large QSO dataset at z < 0.4 from Sloan Digital Sky Survey (SDSS) Serber et al. (2006) found that the overdensity around the quasars is larger than that around typical L* galaxies. However, a more complete comparison of quasars and inactive galaxies environments by Karhunen et al. (2014) , that includes a matching of the samples in terms of both redshift and galaxy luminosity, shows that the galaxy number density of the quasar environments is comparable to that of the inactive galaxies.
Another important issue about the environment of quasars is that they are found clustered similarly to galaxies in the local Universe (e.g. Croom et al. 2005; Porciani, Magliocchetti, & Norberg 2004, and reference therein) . At high redshift the clustering is more difficult to measure but there are indications that its strength would be higher than at the present epoch (e.g. Porciani, Magliocchetti, & Norberg 2004) . The clearest sign of QSO clustering is the finding of quasar pairs, see e.g. the pioneering work of Djorgovski 1991 and the analysis on the Veron-Cetty & Veron (2000) catalogue by Zhdanov & Surdej (2001) . Hennawi et al. (2006) found a large sample of QSO pair candidates in a wide range of redshift but a detailed study of the environment was not carried out. Most of these QSO pairs (∼ 80 %) are at z > 1 hindering observations of their environment. A number of high redshift QSO pairs have also been discovered by Hennawi et al. (2010) .
Detailed study of the environment of a QSO pair at z ∼ 1.3 has been reported by Djorgovski et al. (1987) . Boris et al. (2007) investigated the environment of 4 QSO pairs at z ∼ 1 with separations 1 Mpc. They found one pair in a particularly high-density region, some evidences for galaxy cluster in the proximity of other two, while one pair appears isolated. A more systematic study was presented by Farina, Falomo, & Treves (2011) (hereafter F11) for six low redshift physical quasar pairs from the SDSS dataset. They reported a pair in a moderately rich group of galaxies together with dynamical evidence of additional mass to make the pairs bound systems. More recently Green et al. (2011) searched for signatures of galaxy clusters and hot inter cluster medium associated with 7 close (R ⊥ < 25 kpc) quasar pairs. Because of low quality images they fail to resolve the host galaxies and to set stringent limits to the galaxy environments. Nevertheless from their observations there is no evidence that these pairs are in rich cluster environments.
Rare examples of quasar associations with more than two objects have been reported (Djorgovski et al. 2007; Farina et al. 2013 ) but the limited number prevents to perform a statistical analysis.
In this paper we explore the galaxy environments and the dynamical properties around 14 low redshift quasar physical-pairs derived from SDSS Data Release 10 (DR10) spectroscopic and imaging datasets . For these systems we perform a detailed analysis of their host galaxies and of the clustering of galaxies around the pairs. We are then able to compare the properties of these environments with those of an homogeneous sample of quasars not in pair spanning the same range of redshift and host galaxy luminosities. Finally from the difference of systemic velocity of each pair (derived from [OIII]λ5007 emission lines, hereafter [OIII]) we set constraints on the total minimum mass of the systems based on the dynamic of the pair.
In this work we assume a concordant cosmology: H0 = 70 km s −1 M pc −1 , Ωm = 0.30 and ΩΛ = 0.70.
THE SAMPLE OF QUASAR PHYSICAL PAIRS
We searched for quasar pair candidates from a dataset of ∼ 260,000 quasars drawn from the SDSS combining the quasar spectroscopic catalogues of Schneider et al. (2010) and of Pâris et al. (2013) . We restricted the search to the ∼ 40,000 quasars with z<0.85, in order to derive redshifts from [OIII] narrow emission line, which is a much better indicator of the systemic velocity of the quasar host galaxy (Hewett & Wild 2010; Liu et al. 2013 ).
To search for QSO pair candidates we computed the number N obs of quasars in the catalogue that have ∆V < ∆V ,limit and R ⊥ < R ⊥,limit , where ∆V ,limit and R ⊥,limit are fixed values, and compared with the number Nexp of expected random association using the redshift permutation method (e.g. Zhdanov & Surdej 2001) . It consists in maintaining fixed the positions of the quasars, permuting randomly the redshifts. 10,000 runs were performed. We repeated the search with various value of ∆V ,limit and R ⊥,limit in order to optimize the number of candidates with respect to the number of chance associations. It turns out that the best choice is R ⊥ < 600 kpc and ∆V < 600 km s −1 . For this combination we find 26 QSO pair candidates of which only 3-4 (∼14%) are expected to be false pairs (random associations).
At this stage of the selection ∆V was determined from SDSS redshifts. We inspected the spectra of all candidates to ensure that the systemic ∆V could be reliably derived from [OIII] lines. For two dubious classifications we removed two QSO pairs candidates, another one for the lack of the [OIII] wavelength region in one spectrum. Because of poor S/N, 8 pair candidates have the [OIII] line position hardly measurable for at least one quasar. For the remaining pairs the [OIII] line position was measured with procedure described in F11, where the centroid was evaluated as the median of the barycenters of the line above different flux thresholds and the interquartile range as uncertainty. In one case ∆V from [OIII] did not satisfy the condition < 600 km/s, which instead was fulfilled by the SDSS redshifts, and the pair candidate was removed.
In our sample of 14 QSO pairs we then expect that 1-2 pairs could be chance superpositions. We can assume that the selected sample is mostly composed of physically associated objects where the quasar velocities are due to gravitational binding. The final list of the quasar pairs candidates is reported in Table 1 parison between the spectra of each pair exhibits clear differences that exclude the possibility of gravitational lensing. The redshifts of these quasar pairs are 0.23 z 0.82, with zave = 0.58 ± 0.16. An example of the SDSS spectra of a selected QSO pair is given in Figure 1 .
HOST GALAXIES
We retrieved the i-images of quasar pairs from the SDSS-DR10 imaging archive. Analysis was made using the Astronomical Image Decomposition and Analysis software (AIDA Uslenghi & Falomo 2008) . Our procedure for the study of the quasar host galaxies follows closely that adopted by Falomo et al. (2014) for the imaging study of 400 low redshift (z<0.5) SDSS quasars in Stripe 82. In particular the analysis provides the decomposition of the quasar components, nucleus and host galaxy (see Figure 2) , resulting in 19 quasars with resolved host galaxies (R), 5 marginally resolved (M), and 4 objects unresolved (U); for ten pairs we are able to characterize the host galaxy properties of either quasars. The measured i magnitudes (AB system) of the nucleus and of the host galaxy are reported in Table  3 , together with the rest frame Vega MR absolute magni- tude, dereddened and k-corrected. Corrections for galactic extinction were taken from SDSS database and k-corrections from templates of Mannucci et al. (2001) and Francis et al. (2001) for host galaxies and nuclei, respectively. The average absolute magnitudes MR(nuc) of the nuclei is -23.0 ±1.1 (median -23.1 ± 0.7), similar to the nuclear luminosities of isolated quasars (e.g. Falomo et al. 2014) . We find that the absolute magnitude MR(host) of the host galaxies range between -21 and -24.5 (mean -22.9± 0.8; median -22.9±0.5). The distribution of MR(host) is comparable within similar redshifts to that reported for quasars that are not in pairs , indicating that the two families of QSO (individuals and in pairs) are indistinguishable from this point of view . Note that for ∼ 60% of the objects the observations in the i filter include the [OIII] emission line. This might contaminate the measurement of the host galaxy luminosity (e.g. because of scattered light from the nucleus). However, the same effect would be present also in the case of single quasars at similar redshifts.
GALAXY ENVIRONMENT OF THE QUASAR PAIRS
In order to characterize the QSO pair environments, we analyzed the distribution of galaxies around the quasars using SDSS DR10 catalogues. From these we obtained position and photometry of galaxies by selecting all primary objects photometrically classified as galaxies. In each quasar pair field, we analyzed the i-band surface distribution of the galaxies within a circular area of 15 arcmin radius, corresponding to a projected distance of 3.4 Mpc from the nearest pair (z=0.236) and 9.3 Mpc from the farthest (z=0.807).
To estimate the completeness of the SDSS galaxy catalogues we compared the differential number counts of detected galaxies as a function of the magnitude with the very deep galaxy count data available from the Durham University Cosmology Group 3 . In particular for each field we considered as threshold the magnitude m i,50% where the completeness of observed galaxies drops to 50% of that expected from Capak et al. (2007) (see Figure 3) .
The apparent i-magnitude thresholds are closely distributed around the mean value of 21.96 ± 0.09 and listed in Table 4 with the corresponding absolute k-corrected magnitudes. At these thresholds we can observe galaxies with magnitude M*+2 at z < 0.3, M*+1 at z 0.5 and M* at z 0.8. In order to study the galaxy environment we followed the procedure described by Karhunen et al. (2014) . To evaluate the surface number density of galaxies in the background, n bg , we considered the galaxies with i < m i,50% and projected angular distance between 7 and 15 arcmin from the midpoint of the quasar pair. This corresponds to a minimum distance from the QSO of ∼ 1.6 Mpc for the nearest target. The region was then divided into annuli with width of 1 arcmin and we compute n bg as the median of the galaxy surface density of each annulus and the semi interquartile range is assumed as scatter (see Table 4 ). Finally for each QSO we counted the surface number density of galaxies in a number of annuli with width of 250 kpc around the target. The galaxy overdensity of the QSO environment is the ratio between this number density and that of the background. In order to take into account the contribution of galaxies in the field around the quasar pair in the case that the annuli around the two QSO are overlapping, we have subdivided the excess galaxies in common to an equal num- Table 3 . Properties of nuclei and host galaxies. ber for each quasars. The average cumulative overdensity distribution for the 28 quasars is reported in Figure 4 , left panel, and compared with that of isolated quasars derived by Karhunen et al. (2014) . We find that on average the galaxy overdensity around quasars in pair is indistinguishable from that of isolated quasars. For each QSO in our sample we report in Table 4 the galaxy overdensity inside a radius of 500 kpc. It is of interest to probe whether the galaxy overdensity depends on the separation of the quasar pairs. To aim this we computed the galaxy overdensity of the six pairs that are separated by less than 180 kpc and compare it with that expected under the assumption that each individual QSO contributes to the average value of galaxies (as given in Figure 4 , left panel). The comparison (see Figure 4 , right panel) suggests that closest quasar pairs may be in richer environments than those at larger separation. We performed a KS test comparing the galaxy overdensity distribution of QSO pairs with R ⊥ < 180 kpc to that of QSO pairs with larger separations. For the cumulative galaxy overdensity up to 1500 kpc the KS test yields the probability p=0.08. This indicates that the suggestion should be confirmed by a significantly larger sample.
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SUMMARY AND CONCLUSIONS
We have investigated the properties of the environments of a sample of 14 physical low redshift QSO pairs. We found that the quasars in pairs are on average in regions of modest galaxy overdensity extending up to ∼ 0.5 Mpc. This overdensity is indistinguishable from that of a homogeneous sample of isolated quasars ) that is matched in redshift and host galaxy luminosity. We note that for the closest QSO pairs there is a suggestion of a larger overdensity roughly commensurated to the sum of the average individual quasar environments.
Although the number of known QSO pairs candidates (e.g. Hennawi et al. 2006; Myers et al. 2008 ) is much larger than that in our sample, a direct comparison with other results is at present not possible. For instance, the extended sample of QSO pairs of Hennawi et al. (2006) covers a wide redshift range (up to z=3, majority of pairs at z>1), for which a detailed environmental study is not available and would require a major observational effort on large telescopes. Recently Green et al. (2011) studied the environments around 7 close QSO pairs (R ⊥ < 30 kpc) in a redshift range comparable with ours. They searched for extended Xray emission as evidence for a local group -or cluster -sized dark matter halo associated with these quasar pairs, and found none. In potential contrast to our results, they didn't detect a significant optical/infrared galaxy density enhancement. Moreover, due to the relatively bright magnitude limits of SDSS images at the redshift of these pairs, only the most luminous galaxies possibly associated to the quasars could be detected using their DWCM technique (Distance and error-Weighted Color Mean, Green et al. 2011) . Within these limits, their results that QSO pairs avoid rich cluster environments are qualitatively in agreement with our findings.
Since the environment around pairs is relatively poor, it is of interest to compare it with the minimum mass of the binary system (the two QSOs) assuming it is gravitationally bound. Following F11 we computed the minimum virial mass associated to each pair and compared it with the total mass of the host galaxies (see Table 3 ), evaluated following Kotilainen et al. (2009) and Decarli et al. (2010) . While in most cases the Mvir,min is less or similar that the total mass of the host galaxies, in 3 cases (out of 14) Mvir,min exceeds the sum of the masses of the hosts by a factor 10 (see Table 5 ). This is suggestive of a huge dark matter contribution (see also F11). However, because of the exiguity of our sample, to reach a firm conclusion on the environment and dynamical properties of QSO pairs, a detailed spectroscopic In the cases where only one quasar is resolved (see Table 3 ; in brackets), we consider as the total mass the twice of the resolved quasar.
and imaging investigation of a larger and homogeneous sample is required.
